We calculate the inelastic mean free path (IMFP) for small metal particles based on the plasmon model for free electron gas confined in small sphere with radius a. The IMFP decreases with the radius a smaller than about 100Å, and the rate of the decrease depends on the bulk plasmon energy ωp. We furthermore discuss the coordination numbers obtained from the EXAFS curve fitting method for small Ag particles. We find the importance of the size dependent IMFP for EXAFS analyses in order to obtain reliable coordination numbers in nanoparticles.
I. INTRODUCTION
Nanoparticles have intensively been studied and their applications are now widely spread in various scientific and industrial fields [1] . X-ray Absorption Fine Structure (XAFS), X-ray Photoelectron Spectroscopy (XPS) and Electron Energy Loss Spectroscopy (EELS) are unique tools for investigating local structures and electronic states of nanoparticles [2] [3] [4] . In these spectroscopic methods, the inelastic mean free path (IMFP) plays an important role for data analyses. For the bulk systems TPP-2 method proposed by Tanuma, Powell and Penn is widely used to calculate the IMFP [5] , where experimental optical data and theoretical Lindhard dielectric function are combined with aid of Penn algorithm. This method is quite useful, however the applicability is restricted to bulk systems.
Fujimoto and Komaki have developed a simple method to calculate the IMFP of small particles based on free electron gas model confined in a sphere with radius a [6] . Later Zhao and Montano have applied this method to EXAFS analyses of nanoparticles; they raise a question whether we can safely use the IMFP obtained from bulk systems [7] . There they find that the IMFP decreases with the decrease of particle radius a smaller than about 100 A. This result is quite important because the coordination numbers from EXAFS analyses based on the transferability of the IMFP can give rise to misleading result for nanoparticle systems. This work is actually important, however calculations only for Al particles are shown.
There are several examples of EXAFS analyses applied to metal nanoparticle systems [2] [3] [4] ; They discuss the particle size dependence of the coordination number. Ikemoto et al. find that the breakdown of the transferability of bulk IMFP to nanosystems. In this paper we extensively calculate the IMFP dependent on the particle sizes * This paper was presented at the conference "XAFS theory and nano particles", Chiba University, Chiba, Japan, July 18-20, 2012.
† Corresponding author: takaf@cc.hirosaki-u.ac.jp for various systems (Li, Be, Mg, Na, Ca, K) based on the model by Fujimoto and Komaki [6] . We have also analyze the EXAFS data measured for Ag nanoparticles, and have compared the observed data with the calculated results.
II. THEORY
In this section we briefly show the electron gas model confined in metal particles with the radius a developed by Fujimoto and Komaki [6] for later discussion. In their treatment the inelastic transition probability per volume for an incident electron with velocity v can be calculated as
The IMFP is thus calculated
where 2 , ω and k are loss frequency and momentum, k c is plasmon cut-off momentum, ω p is plasmon frequency for the bulk, j l is the l−th order spherical Bessel function, and ε is the static dielectric constant. In the present calculations, the relaxation time τ is calculated by use of the relation m/(ρne 2 ) where ρ is the electrical resistivity, and n is the number density of electrons [8] . (3)) for Mg (a) and Ca (b) as functions of the loss energy ω excited by an electron with energies, 100, 300 and 800 eV. The particle size is fixed at a =10Å.
III. RESULTS AND DISCUSSION
In this section we show the calculated size dependence of IMFP for some simple metals, and next compare the calculated results with our experimental data for Ag nanoparticles.
A. Applications to some simple metal particles
Here we show some calculated results applied to some simple metals; K (4.4 eV) , Na (6.1 eV), Ca (8.0 eV), Li (8.1 eV), Mg (10.9 eV), Be (18.2 eV). In parentheses bulk plasmon energy ω p are shown [8] . Figures 1(a) and (b) show the transition probability P V (ω) (see Eq. (3)) for Mg and Ca as functions of the loss energy ω excited by an electron with energy 1000 eV. We use three different radii of the particles, 20, 30 and 100Å. In Fig. 1(a) we observe a peak at 10.9 eV assigned to the bulk plasmon excitation, and a series of peaks in the region 6-8 eV associated with surface plasmon losses ω l = ω p √ l/(2l + 1), l = 1, 2, 3, · · · . For small particles smaller than 100Å, the surface plasmon contribution is dominant; the contribution can be neglected even at 100Å. Very similar behaviors are observed in Fig. 1(b) for Ca particles. The calculated results for other metal particles are also quite similar.
Figures 2 (a) and (b) show the transition probability P V (ω) (see Eq. (3)) for Mg and Ca as functions of the loss energy ω excited by an electron with different energies, 100, 300 and 800 eV for small particles with radius a = 10 A. Higher energy scatterings enhance the surface plasmon losses in particular with small l. This behavior is already observed in the results by Fujimoto and Komaki [6] . The calculated results for other metal particles are also quite similar.
From Eq. (2) we can calculate the IMFP by use of the transition probability P V (ω). Figures 3(a) and (b) show the IMFP's as functions of electron incident energy for Mg and Ca with different particle sizes, from 10 to 1000Å, which increase as electron energy. It is important to note that the IMFP is sensitive to the particle size in particular when they are smaller than 100Å. The IMFP is shorter for the smaller particles. The calculated results for other metal particles are also quite similar. Figure 4(a) shows the IMFP as functions of the particle sizes for various metals considered here. The electron energy is fixed at 1000 eV. All the IMFP increase with particle size; in the region a < 100Å they rapidly change, whereas they slowly increase and converge to each specific bulk IMFP in the region a > 100Å. Figure 4(b) shows the normalized IMFP to the one in the particles of the radius 2000Å. From this figure we can see that the IMFP rapidly decreases for K with small plasmon energy (4.4 eV) when the particle size gets small, and slowly decreases for Be with large plasmon energy (18.2 eV).
B. Application to Ag nanoparticles
We calculate the IMFP for Ag nanoparticles to compare those with the observed results. Single scattering K-edge EXAFS formula is well known and is given by
where we use the standard notation; the IMFP λ(k) is a key factor for the present purpose. Figure 5 shows the IMFP in Ag nanoparticles as functions of k ( photoelectron wave number) for different sizes from 10 to 100Å. In these calculations we use the parameters ω p =9.2 eV [9] , and τ =4.0×10
−14 s [10] . For large particles the IMFP increases as linear function of k, but strongly deviates from it for small particles.
Next we discuss the correction of the coordination number N due to the size dependence of the IMFP. Figure 6 shows the size dependence of the coordination number. The blue line shows the coordination number N without use of the size dependent IMFP extrapolated from the results of Ag particles [4] , and the red line shows the one taking the size dependence of the IMFP. In the case where a > 60Å, the error is negligibly small, but about 77% for the small particles with a = 20Å and 88% at a = 40 A. The size dependent IMFP is thus important for the EXAFS analyses of nanoparticles smaller than 40Å.
IV. CONCLUDING REMARKS
The calculated IMFP based on electron gas model confined in spheres shows prominent size dependence in particular for small particles with radius less than about 100 A. From the size dependence we have investigated the coordination number extracted from the EXAFS analyses. Without taking the size dependence of IMFP into account, the coordination number N should be far from the true coordination number.
In the present calculations only plasmon excitations are taken into account, whereas electron-hole pair excitations are completely neglected. In the small simple metal particles the latter play some important roles. To apply EX-AFS to transition metal nanoparticles, we have to develop a new method how to properly treat both d electrons and sp electrons. This problem is a challenging one to obtain reliable IMFP in those nanoparticles, which are important in practical purposes.
